Objective-Exposure to mobile source emissions is nearly ubiquitous in developed nations and is associated with multiple adverse health outcomes. There is an ongoing need to understand the specificity of traffic exposure associations with vascular outcomes, particularly in individuals with cardiovascular disease. Approach and Results-We performed a cross-sectional study using 2124 individuals residing in North Carolina, United States, who received a cardiac catheterization at the Duke University Medical Center. Traffic-related exposure was assessed via 2 metrics: (1) the distance between the primary residence and the nearest major roadway; and (2) location of the primary residence in regions defined based on local traffic patterns. We examined 4 cardiovascular disease outcomes: hypertension, peripheral arterial disease, the number of diseased coronary vessels, and recent myocardial infarction. Statistical models were adjusted for race, sex, smoking, type 2 diabetes mellitus, body mass index, hyperlipidemia, and home value. Results are expressed in terms of the odds ratio (OR). A 23% decrease in residential distance to major roadways was associated with higher prevalence of peripheral arterial disease (OR=1.29; 95% confidence interval, 1.08-1.55) and hypertension (OR=1.15; 95% confidence interval, 1.01-1.31). Associations with peripheral arterial disease were strongest in men (OR=1.42; 95% confidence interval, 1.17-1.74) while associations with hypertension were strongest in women (OR=1.21; 95% confidence interval, 0.99-1.49).
W orldwide in 2010, ischemic heart disease and stroke combined to cause ≈1 in 4 deaths, [1] [2] [3] and ambient air pollution accounted for ≈3.4 million of the 52.8 million deaths (6.4%). 1 Traffic is a major source of air pollution exposure, and exposure to traffic-related air pollution, such as nitrogen oxides, has been associated with coronary atherosclerosis, 4, 5 carotid artery calcification, 6, 7 deep vein thrombosis, 8 hypertension in women, [9] [10] [11] peripheral arterial disease (PAD), 5, 6 and myocardial infarction (MI). 12 In addition to these epidemiological studies, recent publications have highlighted molecular factors that may underlie the associations between traffic exposure and cardiovascular outcomes. [13] [14] [15] Despite this wealth of evidence, there are still conflicting signals on the association between traffic exposure and vascular outcomes; some epidemiological studies have failed to show associations between exposure to traffic and vascular outcomes, such as abdominal and aortic calcification, 6, 16 coronary atherosclerosis progression, 17 and cardiac function. 18 In addition, observations from a mixed sex European cohort yielded little evidence of an association between nitrogen oxides and incident hypertension. 19 Possible reasons for this effect heterogeneity include sex differences, geographic region differences, association differences between disease occurring in coronary versus peripheral vascular beds, and potentially stronger associations in populations with underlying disease.
To better resolve the association between traffic exposure and vascular disease, we used the CATHGEN cohort (CATHeterization GENetics) to examine the relationship between multiple measures of traffic exposure and vascular outcomes. CATHGEN comprises individuals who received a cardiac catheterization at Duke University Hospital in Durham, NC. 20 Because of a higher prevalence of cardiovascular disease, individuals in CATHGEN may exhibit stronger associations with air pollution than the general population.
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Materials and Methods
Materials and Methods are available in the online-only Data Supplement. Briefly, we used a cohort composed of cardiac catheterization patients to examine associations between residential exposure to traffic and 4 cardiovascular outcomes: MI, the number of diseased coronary vessels at catheterization (DV), hypertension, and PAD. Residential exposure to traffic was assessed via 2 methods: the perpendicular distance the nearest roadway and traffic exposure zones (TEZ) which classified regions of the study area according to traffic type. We examined race-and sex-stratified models and compared observed associations to those seen using published, categorical models of residential exposure to traffic.
Results
Of the 2124 CATHGEN participants in the final study cohort (Figure 1 ), 60% (1274) were men and 71% (1499) were white. The average age was 61 years, and 45% (947) were current smokers or recently quit smoking. The interquartile range for distance to the nearest roadway was 990 m. The interquartile range for the negative logarithm transform was 1.46; this translated to a 23% decrease in residential distance to a major roadway for every 1-unit increase in the interquartile range (Table 1) . Results were similar for both the basic and full model (Tables I and II in the online-only Data Supplement) ; therefore, we present results for the full model throughout the text. The decision to remove rural CATHGEN participants (those residing >2 miles from a roadway; n=130) did not alter or bias the observed associations (Table IB in 
Hypertension
Hypertension was significantly associated with proximity to major roadways (odds ratio [OR]=1.15; 95% confidence interval, 1.01-1.31; Figure 2 ; Table IA in the online-only Data Supplement). This association was stronger in blacks (OR=1.42; 95% confidence interval, 1.05-1.93) than in whites (OR=1.10; 95% confidence interval, 0.96-1.26); however, the confidence intervals overlapped, and the interaction by race was not significant (Table II in the online-only Data Supplement). We observed an association between residence in TEZ 5+ and hypertension (OR=2.97); however, this association had a wide 95% confidence interval (1.20-7.37) likely because of the small sample size in TEZ 5+. No other association with the TEZs was observed, indicating that any increased risk might be exclusive to high traffic volume roadways ( Figure 3 ; Table III in the online-only Data Supplement).
Peripheral Arterial Disease
PAD was significantly associated with proximity to major roadways in the full model (OR=1.29; 95% confidence interval, 1.08-1.55). Unlike hypertension, this association was stronger in whites (OR=1.41; 95% confidence interval, 1.14-1.74) than blacks (OR=1.10; 95% confidence interval, 0.79-1.53). The PAD association was also stronger in men than women though the race-and sex-stratified confidence intervals overlapped ( Figure 2 ; Table II in the online-only Data Supplement). We did not observe any associations among PAD and the TEZs ( Figure 3 ; Table III in the onlineonly Data Supplement).
MI and DV
CATHGEN participants residing in urbanized areas (TEZ 2) had an increased prevalence of MI relative to those in TEZ 1 (OR=1.71; 95% confidence interval, 1.04-2.79). No significant associations with MI were observed with the other TEZs or residential proximity to roadways. We also observed no association between DV and any of the traffic exposure metrics.
Comparison of Roadway Metrics
We compared the observed associations with those observed when using traffic exposure metrics defined by classifying individuals into categorical bins based on their residential proximity to major roadways. To allow for direct comparison with previous publications, 4,5,10 comparisons were made for the most extreme exposure bins, that is, 0 to 100 m compared with 1000+ m from a major roadway for categorical 1000 and 0 to 50 m compared with 200+ m for categorical 200. Both metrics produced similar ORs, and we again observed associations with hypertension and PAD ( Table IV in To compare models with the Akaike Information Criterion, we estimated associations using a binomial distribution that has a defined likelihood. The estimates from the binomial model were nearly identical to those seen using a quasibinomial model ( Figure II in the online-only Data Supplement). The negative logarithm transform provided a better fit (smaller Akaike Information Criterion) to the data than the untransformed distance to roadways for all outcomes. The negative logarithm transform also yielded a smaller Akaike Information Criterion than the categorical 1000 m and categorical 200 m for all outcomes except DV ( Table 2 ). The Akaike Information Criterion weight ratio indicates that for hypertension and PAD, the 2 outcomes with significant associations for all exposure metrics, the negative logarithm transform was between 2.32 and 8.99 times as likely to provide the best fit to the data as the other exposure metrics assessed (Table 2) .
Discussion
Although the association of ambient air pollution with cardiovascular disease mortality is well documented, 22, 23 there is still much to learn about the specificity of association among traffic exposure and various cardiovascular outcomes. Recent studies have suggested that traffic exposure may be less associated with coronary artery disease phenotypes than with atherosclerosis in other vascular beds. 6, 18 Using the CATHGEN cohort, we observed that exposure to traffic is strongly associated with hypertension and PAD, outcomes indicative of systemic cardiovascular disease. Little to no association with traffic exposure was observed for the coronary-specific outcomes MI and DV.
Of the 4 outcomes assessed, PAD was the most significantly associated with residential proximity to major roadways. In a European cohort study of urban air pollution, residence within 50 m of a major roadway was associated with a 77% increase in the risk of PAD when compared with residence >200 m from a roadway. 5 In a study of blacks from Jackson, MS, participants living <150 m from a major roadway had a 17% higher prevalence of PAD than those living ≥300 m from a major roadway, 6 lower than estimates of risk observed in the European cohort. We expanded on these previous studies by examining individuals of both European and African ancestry residing in the same geographic area. Using categorical 200 m, the identical exposure used for the European cohort 5 and similar to that used for the black cohort, 6 we observed associations with PAD stronger than those seen in these previous studies (OR=2.16; 95% confidence interval, 1.14-4.11). This association was elevated for individuals of European ancestry compared with those with African ancestry (Table IV in the online-only Data Supplement); this is consistent with previous studies, 5, 6 but to our knowledge had never been directly examined. There are several factors that may underlie this potential ethnicity difference, including ethnicity-specific genetic variation, diet, or differences in the types of traffic to which they are exposed. Also, although we adjusted for socioeconomic status, we cannot discount the persistence of unmeasured confounding. However, given the width of the overlapping confidence intervals, we also cannot discount that the underlying association is approximately equivalent in both ethnicities, and further studies with larger ethnicity-specific sample sizes are needed to more fully resolve this observation.
Hypertension was also associated with proximity to major roadways. Most previous studies showing a positive association between hypertension and traffic focused on populations composed mainly or entirely of women. [9] [10] [11] In our analysis, hypertension was associated with traffic exposure in the Figure 2 . Association between clinical outcomes and residential proximity to roadways. The x axis represents each of the models considered, and the y axis is the odds ratio and associated 95% confidence interval for each model for the outcome given in the plot title. AA and EA indicate the race-stratified models while males and females indicate the sex-stratified models. All stratified models were run using the full model that adjusted for race, sex, body mass index, smoking, hyperlipidemia, type II diabetes mellitus, and median home value at the census tract level. The basic model adjusted for race and sex. AA indicates African Americans (blacks); DV, number of diseased coronary vessels; EA, European-Americans (whites); MI, myocardial infarction; and PAD, peripheral arterial disease combined sex population; however, this association was strongest in women (Table II in the online-only Data Supplement). Our categorical 1000 m model matches the exposure used by Kirwa et al 10 in a general population study that also associated traffic exposure with prevalent hypertension in women. The estimated OR for hypertension in CATHGEN (1.73; 95% confidence interval, 0.93-3.23) is substantially higher than that observed previously (1.22; 95% confidence interval, 1.07-1.39). 10 Although the wide confidence interval from CATHGEN overlaps the estimate observed from a general population cohort, the difference in the odds ratios is suggestive of our underlying hypothesis that as a high-risk coronary disease cohort CATHGEN is enriched for individuals with increased sensitivity to traffic-related air pollution.
We did not observe associations between MI or DV and traffic exposure. MI was only associated with residence in urban areas in our analyses. Although short-term exposure to traffic is associated with MI, 12 a review of 26 articles on the associations between MI and exposure to air pollution yielded mixed results. Seven of the 26 studies examined long-term exposures, with 5 examining nitrogen dioxide, a gaseous pollutant primarily derived from traffic sources, or residential proximity to traffic. Among these 5 long-term traffic exposure studies, 2 showed no association and 3 showed an increased risk of MI with traffic-related air pollution exposure. 24 A previous study of associations between residential proximity to roadways and various vascular phenotypes noted no association with coronary artery calcification but a significant association with carotid intima-media thickness. 6 Although this study focused on subclinical phenotypes, our study examined hard cardiovascular disease outcomes. These 2 studies together suggest that associations with traffic exposure may be stronger for peripheral or systemic vascular phenotypes than with coronary-specific phenotypes.
An increasing volume of molecular epidemiology literature supports associations between exposure to traffic-related air pollution and health outcomes. Exposure to traffic-related air pollution is associated with markers of oxidative stress and inflammation. [25] [26] [27] Recently, traffic air pollution exposure has been linked with cellular markers of vascular injury and repair. 15 Even short-term exposure to nitric oxides may alter metabolic homeostasis. 28 Interaction studies have shown that genetic variants related to inflammatory pathways may modify associations between cardiovascular outcomes and traffic exposure. 13, 14, 29 Short-term exposure to nitrogen dioxide is associated with altered concentrations of metabolites, particularly long-chain fatty acids. 28 With respect to long-term exposure, traffic-derived pollutants are associated with accelerated epigenetic aging 30, 31 and high-density lipoprotein cholesterol. 32 The majority of these studies involve either small sample sizes or observational associations; therefore, further research is needed to establish causal links between traffic exposure, molecular phenotypes, and clinical outcomes.
Strengths and Limitations
One of our primary limitations is that indirect measures of traffic-related air pollution cannot disentangle the various air pollution components that contribute to observed health effects, including traffic noise. Traffic noise is associated with health outcomes 33, 34 and thus it must be considered a potential confounder of near roadway exposures. However, traffic noise and air pollution may independently contribute to vascular phenotypes, 35 and estimates suggest that the confounding of traffic noise on air pollution is <10%. 36 All geocoding procedures carry some degree of imprecision. This can lead to mismeasurement of the distance to a primary roadway, as well as misclassification for those residents who reside alongside the boundary of a TEZ or categorical exposure classification. Also, the roadway network used may not perfectly capture roadway networks over the entire time course of exposure. Given the near permanent nature of major roadways and rarity of modifications that would cause new roadways to seem, errors in the roadway network are expected to be minor. Both errors with respect to geocoding and the roadway network would not be expected to differ with respect to our outcome and thus should not increase the number of false positives but might attenuate the observed effect size. The use of CATHGEN as a study cohort-a patient population enriched for those with known and unobserved cardiovascular disease-is both a strength and a limitation. Individuals with underlying cardiovascular disease have shown increased sensitivity to air pollution exposures, 6, 37 an observation possibly responsible for the higher ORs observed in this study as compared with previous studies. However, it can be difficult to generalize these observations to the effects that might be observed in the general population. That said, it is important to study cohorts enriched for disease because those with underlying vascular diseases may disproportionately contribute to the health risks associated with air pollution exposure.
Another strength of CATHGEN is the large sample size and deep clinical phenotyping. The sample size allowed us to examine race-and sex-specific effects and validate in a single cohort racial and sex differences in associations that were previously observed across multiple publications. In addition, the phenotyping depth of CATHGEN allowed us to examine multiple vascular disease outcomes and to observe the specificity of traffic exposure associations for noncoronary vascular disease that was previously noted for subclinical phenotypes. 
Conclusion
Residential proximity to roadways is associated with PAD and hypertension in a cardiac catheterization cohort. The observed associations were stronger than those from general population-based studies but followed similar patterns of associations with respect to sex and race. Further studies are needed to fully understand the specificity and causality of these associations.
